We have measured the resistivity and Hall effect of R 2 Fe 17 (R = Y, Tb, and Gd) single crystals in the temperature T range 4 < T < 300 K and applied magnetic fields of up to 9 T. The anomalous Hall effect (AHE) is very anisotropic in these ferromagnets. The AHE resistivity, measured with an applied magnetic field H perpendicular to the c axis, is very large and varies quite linearly with the longitudinal resistivity ρ, but the AHE resistivity for H along the hard magnetization direction (H c axis) is much smaller and increases as ρ 2 . We argue that the latter is of the intrinsic origin and is brought about by quasidegenerate Fe d levels near the Fermi level.
I. INTRODUCTION
The electronic transport properties of ferromagnetic materials have recently been the subject of many experimental and theoretical studies. In particular, the Hall effect in ferromagnets shows an anomalous term that is proportional to the magnetization of the material. It is generally accepted that skew 1 and side-jump scattering 2 contribute extrinsically to the anomalous Hall effect (AHE). They are both asymmetric and arise from spin-orbit interactions of current carriers. The intrinsic AHE, 3 independent of scattering mechanisms, is usually interpreted in terms of Berry-phase effects on conduction electrons. [4] [5] [6] Experimental studies of the AHE in dilute magnetic semiconductors, transition metals, transitionmetal oxides, and spinels consistently show the importance of the intrinsic mechanism in moderately conductive materials. 7 It has been proposed that band crossings, close to the Fermi level, can resonantly enhance the Berry-phase curvature and, consequently, the anomalous Hall conductivity (AHC). 8, 9 A large intrinsic AHC may follow as well from interband hopping between nearly degenerate d orbitals in ferromagnetic transition metals. 10 Thus, the physical processes behind the intrinsic AHE have not yet been clearly established. We aim to shed some light on this by studying the R 2 Fe 17 intermetallic compounds, following our earlier experiments on Y 2 Fe 17−x Co x single crystals, which revealed the importance of the intrinsic mechanism in these alloys. 11 The role of the extrinsic mechanism in the AHE is not well understood either. Detailed knowledge of the impurity potential is needed for a quantitative estimation of the skewscattering contribution. Calculations of side-jump scattering are hampered by the lack of a general formalism for multiband systems. In addition, the experimental separation of various contributions to the AHE is not straightforward. The skewscattering term of the AHE resistivity ρ xy is proportional to the longitudinal resistivity ρ. However, both extrinsic side-jump scattering (which is independent of the strength and form of the impurity potential) and intrinsic band mechanisms lead to the same relation: ρ xy ∝ ρ 2 . A new scaling of the AHE resistivity that also includes the residual resistivity has been proposed to identify the intrinsic and extrinsic mechanisms. 12 Frequently, first-principles calculations of the AHC are performed, and their results are compared with experimental values in order to single out the intrinsic contribution. Nevertheless, additional experimental signatures of the intrinsic AHE that have a predictable variation as a function of some well-controlled parameter are important for a clear picture. A recent demonstration that the intrinsic AHE of hcp Co single crystals depends strongly on the magnetization direction relative to the crystal axes seems significant. 13 It enables one to use the AHE anisotropy as an additional test for identifying various mechanisms behind the AHE resistivity in transition-metal ferromagnets. We make use of it in our investigation of the magnetotransport properties of R 2 Fe 17 single crystals.
The aim of this study is to find specific features of the AHE in R 2 Fe 17 single crystals in order to elucidate the role of the various mechanisms responsible for it. We choose to study these alloys because their magnetic and band-structure properties are relatively well known. The R 2 Fe 17 intermetallic compounds crystallize in a Th 2 Ni 17 -type hexagonal structure.
14 These compounds form a natural multilayer system in which the Fe layers (perpendicular to the c axis) are intercalated with dumbbell Fe pairs along the c axis. Fe atoms occupy four nonequivalent sites in the unit cell. Only the dumbbell atoms at 4f sites have a sufficiently high symmetry to contribute to the orbital magnetic moment. In addition, the distance between Fe atoms in the dumbbell structure is ≈2.39Å, much smaller than the Fe-Fe distance (2.50Å) in bcc Fe. A negative exchange interaction can therefore be expected between such pairs. However, positive exchange interactions with other Fe atoms force a parallel orientation of the moments of dumbbell atoms, and consequently, the Fe sublattice orders ferromagnetically, on a plane perpendicular to the c axis, in most of the R 2 Fe 17 alloys (R = rare earth, Y). The wave functions of the iron atoms at 4f sites quite likely overlap, giving rise to a deformation of the 3d band (larger magnetic polarization) and to lower electron charge density, as observed in the Mössbauer effect experiments. 15 This is in agreement with the band-structure calculations, which give the highest orbital moment for Fe atoms at the dumbbell sites. 16 The Curie temperature lies in the range 340-510 K for R = Y, Tb, and Gd. 17 The Tb and Gd rare-earth sublattices, which experience a strong exchange field, couple antiferromagnetically to the Fe sublattice in the R 2 Fe 17 alloys. A first-order magnetization process is observed at a magnetic field of about 2.5 T applied along the sixfold axis in Tb 2 Fe 17 . 18 The critical field for this transition is nearly independent of temperature up to ≈250 K even though the anisotropy constants vary with temperature, as expected from existing models. 19 In this paper we report results of the Hall effect, resistivity, and magnetization measurements in R 2 Fe 17 (R = Y, Tb, and Gd) single crystals for wide temperature and applied magnetic field ranges and for various magnetic field orientations with respect to the easy-magnetization axis. For the sake of completeness, we also include results we have previously obtained for Y 2 Fe 17 single crystals. We find a large AHE anisotropy in these systems. The AHE resistivity, measured with an applied magnetic field H in the easy plane (H ⊥ c axis), is much larger than the one for H c axis. More significantly, for all T 200 K, the former is linear in ρ, while the latter varies as ρ 2 . We finally argue that this qualitative variation of the AHE with magnetic field direction most likely comes from the intrinsic mechanism, which depends only on band-structure details and is basically anisotropic. However, an essential anisotropy is also found for the extrinsic skew-scattering contribution to AHE. We relate it to the distortion of the 3d bands at the dumbbell sites.
II. EXPERIMENT
All R 2 Fe 17 single crystals were grown by inductive melting of a mixture of pure components in alundum crucibles under Ar atmosphere. The mixture was rapidly heated up to the melting point and subsequently cooled down at a rate of 60-80 K/min. Further heating to approximately 1200
• C, with an annealing time of approximately 20 h was performed in order to obtain large crystalline grains. We carefully oriented the samples using x-ray back Laue diffraction. Optical metallography and atomic force microscopy were used to select specimens without grain boundaries or inclusions of extraneous phases. The magnetotransport measurements were performed on Hall bar-shaped samples with a typical size of 0.5 × 1 × 5mm 3 . We used a six-probe method to check for samples' homogeneity in both resistivity and Hall coefficient. 20 The relative error obtained for the resistivity is about 0.1%; absolute values are determined to within 5%. The specimens were mounted between two fixed copper plates on a sample holder to minimize thermal gradients and to avoid the effects of the large anisotropy torques on the samples when the external magnetic field was applied along the hard directions. The Hall resistivity ρ xy and magnetization M were measured in a magnetic field of up to 9 T, in a temperature range from 4 to 300 K. Magnetization measurements were carried out in a superconducting quantum interference device magnetometer on the same samples that were used in the magnetotransport studies. In this way, we expected to avoid sample-shape-and domain-dependent effects when comparing results of different experiments. In addition, we relate the values of ρ xy and M obtained for fields at which the magnetization is saturated. Therefore, we do not expect appreciable domain effects. 
III. RESULTS AND DISCUSSION
We first discuss the results from electrical resistivity measurements. Figure 1 shows how the electrical resistivity ρ(T ) depends on temperature T in R 2 Fe 17 single crystals. The behavior of ρ(T ) is typical of a ferromagnet in which phonon and spin-disorder scattering are important. The resistivity in the easy plane is lower than the resistivity along the c axis. This asymmetry is large for Gd 2 Fe 17 , where it amounts to 60%; it is approximately 15% and 6% for R = Y and Tb, respectively. Since an external magnetic field suppresses spin fluctuations, the electrical resistivity decreases in magnetic field. At low temperatures, a negative magnetoresistance is approximately 3% at the highest fields applied; its magnitude decreases with increasing temperature.
We next turn to the magnetization and Hall effect results. Figures 2 and 3 show how the magnetization and Hall effect change with magnetic field at two different temperatures and for various orientations of the magnetic field with respect to the crystallographic axes of Tb 2 Fe 17 and Gd 2 Fe 17 single crystals, respectively. The Hall resistivity, which is holelike, follows the magnetization M of the samples quite closely.
The experimental values of ρ xy are obtained by extrapolating the Hall resistivity data, such as plotted in Fig. 2 , from high magnetic fields, where the magnetization is saturated, back to H = 0. We note that small magnetic fields are sufficient to align magnetic moments, at least for a field on the easy plane, so this procedure is quite straightforward. The measured ρ xy arises entirely from the AHE since the ordinary contribution to the Hall effect is negligible in our samples. All data points for ρ xy in Figs. 4-6 are obtained when the magnetization is saturated. For GdFe 17 , where the magnetization is not completely saturated at 5 K along the hard direction even for a field of 9 T, we use the law of approach to saturation 21 to estimate M s . In Fig. 4 , we plot the Hall resistivity of R 2 Fe 17 (R = Y, Tb, and Gd) versus the total longitudinal resistivity ρ (ρ = ρ xx ), using data obtained for ρ xy (T ) and ρ(T ) in the temperature range from 4 to 300 K. The range of the longitudinal resistivity is quite limited for some samples. As the present state of the art for single-crystal growth of intermetallic ferromagnets stands, it is difficult to obtain materials with a small residual resistivity and, consequently, to have a larger span for the variation of the resistivity with temperature. In spite of this, clear straight lines in this log-log plot are found. The variation of ρ xy with ρ depends crucially on orientation: The Hall resistivity drops by a factor of ∼4 as the magnetization is tilted from the easy ab plane to the c axis at low temperatures. In addition, the AHE resistivity varies almost linearly with ρ for M in the ab plane but follows a ρ 2 dependence for M in the hard direction. This is so for each of the three alloys we have studied.
We analyze the anomalous Hall resistivity data following a procedure outlined in Refs. 22 and 23 and also used by us to treat Y 2 Fe 17 data. 11 Consider the relation between the AHE and the longitudinal resistivity of the form ρ xy 
Coefficients a (M s ) and b (M s ) are some function of the spontaneous magnetization. The first term stands for the skew-scattering contribution, which is usually linear in the magnetization. 22 With a simple approximation, 2 relation is also predicted for extrinsic side-jump scattering. As discussed below, this mechanism is, however, unimportant in our samples.
We have also tried an alternative scaling of the AHE in R 2 Fe 17 single crystals, namely, ρ xy = (a ρ 0 + a ρ 2 0 ) + b ρ 2 , that has been recently proposed for epitaxial Fe films. 12 In this model, the external contributions to the AHE depend only on the residual, temperature-independent resistivity ρ 0 . Consequently, the experimental AHC, σ a xy ≈ ρ xy /ρ 2 , should vary linearly with σ 2 (σ = 1/ρ) and not with σ as we assume above. We found, however, that a ρ xy = f (ρ) scaling, in which the skew and side-jump terms are proportional to the total, not to the residual resistivity, is much better in our case. This is clearly seen in Fig. 5 , where both scalings are displayed. . This is not quite so for Gd 2 Fe 17 , where it shows some slight variation with ρ. However, when M is lined up along the hard direction, ρ xy M o s /ρM s (T ) varies linearly with ρ for all the alloys studied. Skew scattering is therefore important for the easy-plane AHE in R 2 Fe 17 , but the intrinsic mechanism seems to determine the AHE along the hard axis. These conclusions agree with the results of first-principles calculations for hcp Co, which show strong anisotropy of the intrinsic AHE. 13 In addition, the orientation dependence of the AHE in R 2 Fe 17 enables one to discriminate between intrinsic and side-jump contributions. The latter leads to an isotropic Hall current, 2 but no contribution of the form ρ xy ∝ ρ 2 is seen when M lies on the easy plane, at least for R = Y and Tb. We therefore infer that side-jump scattering is negligible in the alloys we are reporting on. This agrees with a prediction that such a contribution to the AHE is much smaller than the intrinsic one in ferromagnetic metals. 24 Table I gives AHE parameters with their corresponding errors obtained from the linear fittings to the data shown in Fig. 6 . The magnitude of the skew term as well as its orientation dependence are surprising. We find that the skew-scattering coefficient a (see Table I ) for R 2 Fe 17 is more than one order of magnitude larger than the ones found for metallic 23 or half-metallic ferromagnets. 25 Furthermore, it is large for magnetic fields in the easy plane and is much smaller for a perpendicular orientation. Although a quantitative estimation of the skew-scattering contribution is a difficult task, it is expected to be isotropic. 1 We found much the same behavior of the AHE in Y 2 Fe 17−x Co x single crystals with x 2.
11 The observed anisotropy may come from a likely deformation of the d bands at dumbbell sites. This favors skew scattering of charge carriers for M in the easy plane. Interestingly, no such effect is found in R 2 Fe 14 B single crystals, 26 where the shortest Fe-Fe interatomic distance is nearly the same as in R 2 Fe 17 . 27 However, such pairs for R 2 Fe 14 B are found in a plane perpendicular to the c axis, instead of along the c axis as in R 2 Fe 17 .
We now turn to data obtained for H along the hard direction. As argued, the intrinsic contribution, related to Berry-phase effects on conduction electrons, dominates the AHE in this configuration. The skew-scattering parameter a is at least one order of magnitude smaller than the one found for for M on the easy plane. A different mechanism for the intrinsic AHE, in which hopping between the d zx and d yz orbitals gives rise to an anomalous velocity and thus to the AHE, has been proposed. 10 However, the observed anisotropy of the intrinsic AHC does not arise in this model as naturally as in the one we discuss above.
In summary, we find that both extrinsic and intrinsic contributions to the AHE in the ferromagnetic R 2 Fe 17 are highly anisotropic. Nearly degenerate d levels of Fe ions, which lie close to the Fermi energy, are most likely at the root of the variation of the intrinsic anomalous Hall conductivity with orientation. On the other hand, a distortion of the d bands may account for the observed anisotropy of skew scattering. Calculations of these effects would help justify the inferences we make.
